Affinity maturation of IgG antibodies in adaptive immune responses is a well-accepted mechanism to improve effector functions of IgG within 2 weeks to several months of antigen encounter. This concept has been defined mainly for IgG responses against chemically defined haptens. We have evaluated this concept in a viral system and analyzed neutralizing IgG antibody responses against vesicular stomatitis virus (a close relative of rabies virus) with a panel of monoclonal antibodies obtained early (day 6 or 12) and late (day 150) after hyperimmunization. These neutralizing IgG antibodies recognize a single major antigenic site with high affinities (Ka of 108-1010 litermol-1) and with rapid on-rates already on day 6 of a primary response and with no evidence for further antigen dose-and time-dependent overall improvement of affinity. This type of IgG response is probably representative for viruses or bacterial toxins which are crucially controlled by neutralizing antibodies.
ABSTRACT
Affinity maturation of IgG antibodies in adaptive immune responses is a well-accepted mechanism to improve effector functions of IgG within 2 weeks to several months of antigen encounter. This concept has been defined mainly for IgG responses against chemically defined haptens. We have evaluated this concept in a viral system and analyzed neutralizing IgG antibody responses against vesicular stomatitis virus (a close relative of rabies virus) with a panel of monoclonal antibodies obtained early (day 6 or 12) and late (day 150) after hyperimmunization. These neutralizing IgG antibodies recognize a single major antigenic site with high affinities (Ka of 108-1010 litermol-1) and with rapid on-rates already on day 6 of a primary response and with no evidence for further antigen dose-and time-dependent overall improvement of affinity. This type of IgG response is probably representative for viruses or bacterial toxins which are crucially controlled by neutralizing antibodies.
Studies with chemically defined small antigenic determinants-i.e., haptens-linked to a carrier protein have shown that during the immune response the late antibodies exhibit higher affinities (1) and faster on-rates (1-6) than early IgG antibodies. However, affinity maturation of an IgG antibody response taking more than a week may not be efficient enough against bacterial toxins or those cytopathic viruses where neutralizing antibodies are essential for protection, because too few antibodies may be generated too late (7) (8) (9) .
Vesicular stomatitis virus (VSV) is closely related to rabies virus and can infect many species; it may cause a paralytic disease after experimental peripheral infection in mice (10, 11) . Neutralizing IgG antibody responses specific for the viral glycoprotein of rabies virus or VSV are necessary for and efficient in protecting vertebrate hosts against infection (12) (13) (14) (15) . Interestingly, naive specific pathogen-free or conventionally kept mice generate T-cell-independent neutralizing IgM antibodies very early after infection, by day 3 or 4 (16, 17) ; the strictly T-cell-dependent (18) switch to IgG is observed by days 6-8. This represents a truly primary response, since VSVprimed mice exhibit an accelerated IgG response by days 2-4. High neutralizing titers of 10-4 to 10-5 are reached by days 9-12 after a primary infection and usually stay rather constant for >6 months.
The present study attempted to assess the time-and dosedependent neutralizing antibody responses against VSV [substrain Indiana (Ind)]. These analyses revealed that neutralizing antibodies recognized only one major antigenic site on the viral glycoprotein. A panel of monoclonal neutralizing antibodies derived from various immunization protocols by varying time and antigen doses were used to measure and compare affinities, on-rates, and neutralizing activities. The means and ranges of these values were already high on day 6 and did not
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change by more than a factor of 2-3 independent of virus dose and time after infection. METHODS Affinity Measurement. Affinity was determined directly from the hybridoma supernatants by an ELISA method (19, 20) . Briefly, antibody concentration of the supernatants was determined with subclass-specific anti-mouse IgG antibodies with a mouse myeloma IgG subclass standard. To determine the affinity, ELISA plates were coated with purified VSV at three different densities, and antibody concentrations leading to half-maximal absorbance were determined. By using three different antigen densities in the solid-phase assay, it was possible to extrapolate the antibody input concentration needed for half-maximal binding to a situation where the antibody concentrations and input concentrations were equal (for details, see ref. 20) . The affinity of some monoclonal antibodies was also measured in solution by a competition assay (17, 21) .
Neutralizing-Activity Measurement. The neutralizing activity was measured and standardized for the antibody concentration of 1 jig/ml (22).
On-Rate Measurement. The second-order on-rate (k.n) was determined by measuring the velocity of virus neutralization. Antibody concentrations neutralizing VSV completely in the standard neutralization assay were incubated with VSV(Ind) for 90, 60, 40, 30, 20, 15, 10, or 5 min and plaqued on Vero cells. To simplify the evaluation, conditions were chosen to obtain a pseudo-first-order reaction, by keeping antibody in excessi.e., antibody concentrations did not change during the measurement. Linear plots were obtained when the logarithm of residual plaque-forming units (pfu) was plotted against the time of coincubation. By linear regression, the slope of this line was evaluated (kapp). By dividing kapp by the antibody concentration, kon was calculated. To improve the measurements, kapp was determined for several antibody concentrations and kon was calculated from the mean.
Epitope Mapping. Epitopes were defined by using mouse or rat monoclonal antibodies on VSV-infected Vero cells. Infected cells were incubated for 30 min with a mixture of competitor mouse monoclonal antibody (IgGl, VI 7) used at near saturation and a panel of mouse IgG2a antibodies that were detected with a labeled IgG2a-specific second antibody. Alternatively, a panel of rat monoclonal IgG antibodies was mixed with competitor murine monoclonal antibody VI 24, 22, or (Fig. 2) . As expected, the higher the neutralizing titers of the antibodies were, the less could their binding be inhibited competitively (data not shown). Almost all antibodies (about 90% of >60 rat or mouse monoclonal antibodies) competed mutually (Fig. 2a) 2b). Thus, not only the various monoclonal antibodies but also the major fraction of a rat day 8 polyclonal neutralizing IgG response ex vivo were specific for a single major epitope (Fig.  2b) . The finding that neutralizing antibodies bound to one major antigenic site made possible a comparison of their physicochemical properties. Measurement of Antibody Affinities and On-Rates. The affinity of monoclonal antibodies was measured in a solidphase ELISA and on-rates were determined by measuring the velocity of virus neutralization. The comparative analysis of 62 mouse monoclonal neutralizing antibodies (Fig. 3) revealed that (i) affinities and on-rates correlated well with specific neutralization titers and (ii) there was no significant difference between the average specific antibody titers, affinities, or on-rates of monoclonal antibodies obtained with the various immunization protocols, including day 6 antibodies (Fig. 1) (26, 27) .
The correlations between affinity (and on-rate) and neutralizing capacity are not direct proof but are quite compatible with the idea that one antigenic site is being recognized by these IgG antibodies. To establish whether the high-affinity binding detected by ELISA reflected monovalent binding, modified affinity-spectra analysis was carried out over a 105-fold range of concentrations (Fig. 4) . The results indeed indicate the occurrence of a single population with homogeneous binding as demonstrated by the Hill coefficient close to unity for all investigated monoclonal antibodies (24). Scatchard plot analysis (Fig. 4) , revealing a linear relationship, also indicates a lack of cooperativity for the antibody tested (28). These results were supported by the analysis of Fab fragments of one monoclonal antibody (VI 24); comparison of affinities of control undigested monoclonal IgG antibodies and Fab fragments revealed values differing only by a factor of c2 (Fig. 4) .
To confirm these results in a second assay system, Fv fragments consisting of the variable region of the antibody VI 24 linked to a K light-chain constant (CK) domain were generated by genetic engineering (29 (Left) , neutralizing capacity and on-rate constant (Center), and affinity and on-rate constant (Right). Constants were determined as described in Fig. 1 . All correlations were statistically highly significant, with P < 0.0001 (F test). tative are these findings, and how can they be compared with those obtained with anti-hapten responses (1, (3) (4) (5) (6) 30) ?
Limitations of the Methods Used. Affinity measurements in solution by equilibrium dialysis or quenching are applicable for haptens (1) but cannot be performed for neutralizing epitopes on a complex folded protein of 60 kDa. The solid-phase ELISA method employed here (19, 20) is therefore not ideal but has been established and validated by comparing affinities of antibodies against the carcinoembryonic antigen (31). In addition, we confirmed the results by measuring apparent affinities in solution with a competition assay. For many antibodies no cooperativity was observed in our solid-phase ELISA affinity measurements. Experimental work (28) and mathematical modeling (24) of the data confirmed monovalent high-affinity antigen binding (Fig. 4) . The data in Fig. 1 indicate no skewing of measured affinity values. In addition, since affinities up to 2 x 1010 liter mol-1 could be measured (see antibody VI 1 in Fig. la) , significant increases in affinities should have been detected and should at least have skewed the overall distribution of affinities toward higher values. This was not found, and therefore the lack of affinity increases seems not to be due to technical limitations of measuring affinities and on-rates (32).
It is important to emphasize that the question whether the monoclonal antibodies bind to VSV with high affinity or avidity is of great interest; but in vivo, this distinction between affinity and avidity is probably not very important, since specific B cells are selected by the virus and not by a monovalent antigen and exhibit therefore the same binding properties as in the ELISA (which uses purified virus).
The differences between haptens and VSV may be explained by the antigen organization (i.e., repetitiveness of epitopes) and structure and drastically different antigen kinetics after immunization with haptens vs. virus infections. VSV is a cytopathic, replicating antigen that is controlled initially by interferons and neutralizing antibodies which are generated with high efficiency within a few days after infection. Experiments with inactivated virus and recombinant glycoprotein suggest that an immunization dose of 2 x 106 pfu of live virus corresponds to about 10 j,g of virus. In contrast, haptencarrier antigens in adjuvant usually are used at higher doses, 100-1000 ,ug. In addition, because of the adjuvant, hapten antigens do not exhibit sharp antigen kinetics; antigen cannot be eliminated efficiently from the depot and therefore antibodies of higher affinity may be gradually selected. In contrast, during infection with a poorly replicating cytopathic virus, antigen concentration is about maximal during the first few days when the immune response is initiated, and antigen is eliminated quickly so that further overall affinity increase is therefore negligible after day 6 [although VSV antigens do persist on follicular dendritic cells (33)]. Nevertheless, even repeated booster infections were not able to force further increase of the average affinity of the antibodies. Memory levels of neutralizing anti-VSV IgG titers are usually between 1:80,000 and 1:320,000, remain stable within factors of 2-4 for >6 months, and do not increase by more than a factor of 4-8 after booster infections compared with the response after a single injection. These findings further support the notion that the overall quality of the neutralizing antibody response is rather independent of the immunization protocol used.
How Could High-Affinity Antibodies to VSV Be Generated So Early? First, it is noteworthy that the early (day 6) monoclonal antibodies were first selected by glycoprotein-specific ELISA, but upon second testing they were all found to be neutralizing. This observation and the evidence that VSV particles behave like a specific T-help-independent antigen (17) for IgM antibodies, as well as the collected sequence information (U.K., unpublished work), suggest that VSV may have evolved to induce neutralizing antibody responses preferentially early and very efficiently against one unique antigenic determinant. Therefore, induction of high-affinity neutralizing antibodies by some viruses may be considerably more efficient than for other antigens, because many viruses preferentially infect antigen-presenting cells (17) and/or trigger B cells directly due to repetitive, organized neutralizing determinants (17). In fact, induction of anti-hapten antibody responses is usually difficult (for exceptions see refs. 34 and 35), since it requires the use of adjuvant and boosting (1, 3, 30) .
Second, is the anti-VSV neutralizing antibody specificity encoded by germline genes? We have found that a few neutralizing antibodies use germline genes whereas others show variable numbers of mutations (unpublished observations). Since VSV is not considered to be a natural mouse pathogen, the fact that a few neutralizing antibodies are germlineencoded may indicate that the germline fixation of this specificity may be older than the speciation of the mouse and that VSV has adapted to the available germline gene repertoire of vertebrates in general. Alternatively and speculatively, could the presence of high-affinity antibodies suggest that B cells with the VSV neutralizing specificity somatically mutate randomly very early, before day 6? VSV particles contain highly organized VSV G that optimally crosslinks receptors of B cells to induce them independently of T-cell help (17). Thereby, the frequency of specific B cells increases about 1000-fold within 4-6 days and B cells may hypermutate. For the isotype switch from IgM to IgG, cognate T-cell help is essential (18). When T-cell help is induced by days 4-6, probably only the higheraffinity B cells compete against the high-titered IgM antibodies for the disappearing antigen. In this case, only these highaffinity B cells can be triggered to switch from IgM to IgG by day 6. In contrast to the anti-VSV response, we speculate that in hapten systems (where this T-cell help-independent B-cell proliferation and IgM production is not observed) the early T-independent random hypermutation and the subsequent T-dependent clonal selection cannot be separated.
How priming with influenza virus and boosting on day 21 revealed examples of somatic point mutations leading to increased avidity (36). Earlier studies involving complex sera described enhanced crossreactivity patterns in the late antibody response to influenza virus, also suggesting avidity changes during the ongoing immune response (37). However, dose-and timedependent comparisons of antibody qualities have not been made with a large antibody panel. We speculate that the type of response found here for VSV is probably representative for viruses or bacterial toxins that are controlled exclusively or primarily by an early neutralizing antibody response (13) . It is likely that slow affinity maturation of antibody responses occurs against other viruses that are initially primarily controlled by cytotoxic T cells and not by antibodies [e.g., lymphocytic choriomeningitis virus (38) and human immunodeficiency virus (39)]. The latter viruses may need to spread for a prolonged time and therefore may have been selected to depend on slow affinity maturation by extensive and prolonged somatic mutation (40) before IgG antibodies reach affinities that are protective in vivo.
